Abstract. We investigate confinement from new global defect structures in three spatial dimensions. The global defects arise in models described by a single real scalar field, governed by special scalar potentials. They appear as electrically, magnetically or dyonically charged structures. We show that they induce confinement, when they are solutions of effective QCD-like field theories in which the vacua are regarded as color dielectric media with an antiscreening property. As expected, in three spatial dimensions the monopole-like global defects generate the Coulomb potential as part of several confining potentials.
Introduction
We can describe the physics of heavy quarks by using models that engender non-relativistic confining potentials. One can successfully obtain the whole mass spectrum of the quark-antiquark pair in the quarkonium system using, for instance, the well-known Cornell potential [1] U C (r) = − a r +br, where a, b are non-negative constants and r is the distance between quarks. Although there are many different forms of such confining potentials the most probable potential to describe heavy quarks in the bottomonia region, as has been shown in [2, 3] , is U MZ (r) = C 1 √ r − C2 r , where the constants are fixed as C 1 0.71 GeV 1/2 and C 2 0.46 GeV 3/2 -see [4] for further details. As one knows the color vacuum in QCD has an analog in QED. In QED the screening effect creates an effective electric charge that increases when the distance r between a pair of electron-antielectron decreases. On the other hand, in QCD there exists an antiscreening effect that creates an effective color charge which decreases when the distance r between a pair of quark-antiquark decreases. We can summarize this discussion by writing E(r) ∼ q (r)
where E(r) stands for the electric (or color electric) field due to a charge q embedded in a polarizable medium characterized by a "(color) dielectric function" G(r), and r represents an arbitrary position on the (color) dielectric medium. The QED vacuum behavior is manifest according to the effective electric charge q (r and q (r < R) → 1 or G(r < R) → 1, where R is the typical radius of a particular hadron made of quarks. Since we are interested in confinement we shall focus our attention on the latter case, where the behavior of G(r) is clearly chosen such that the QCD vacuum provides absolute color confinement. Note that formally we can continue using Abelian gauge fields just as in QED, but now G(r) is chosen properly in order to provide confinement. In fact, as we shall see below, even though we consider non-Abelian gauge fields there are some reasons to consider only the Abelian projections when these fields are embedded in a color dielectric medium [5] . We account for these facts to study confinement of quarks and gluons inside hadrons by using an effective phenomenological QCD-like field theory [1, [6] [7] [8] .
As an example consider G(r) = a a+br 2 . Notice that G(r → ∞) → 0 and G(r → 0) → 1 as expected to provide perfect confinement. Using this function G(r) and the fact that E(r) ∼ q G(r)r 2 , it is not difficult to conclude that the potential U (r) has the form of the Cornell potential. As we have stated above, there are many different forms of confining potential and then many different color dielectric functions G(r) can be used to describe confinement. However, for simplicity we choose G(r) as simple as possible. By considering specific color dielectric functions, we shall investigate later models developing several possibilities of confining potentials.
In general, the behavior of the color dielectric function G with respect to r can be driven by some scalar field φ(r) that describes the dynamics of the color dielectric medium. Applying the Lagrangian formalism to describe both the dynamics of gauge and scalar fields embedded in a color dielectric medium we have the effective lagrangian 
where µ, ν = 0, 1, 2, . . . , D and j µ is an external color current density. Considering static gauge fields, i.e., A µ = [U (r), 0, . . . , 0], E(r) = F 0r , D = 3 and j 0 = ρ(r) = 4πqδ(r), the equation of motion for the gauge field gives E = q G(φ)r 2 where the function G(φ) defines the confinement. The color electric charge can be given for the fermionic sector as j µ = qψγ µ ψ of a QCD-like theory that we consider in the next section with further details. Let us now make some comment about the scalar field sector and also consider other assumptions. Theories involving gauge and scalar fields like the effective lagrangian L eff above have been well explored in the literature [4, [9] [10] [11] . Specially in [9] a model involving Abelian projections of a non-Abelian gauge field coupled to a dynamical scalar field as in the effective Lagrangian above was considered. The scalar field φ was identified with a dilaton field whose solution of equation of motion behaves like φ(r) ∼ ln 1 + a r . The scalar potential V (φ) is set to zero. It was shown in this model that the Coulomb potential is regularized at a short distance. Other investigations as given in [4, 10, 11] usually consider a non-zero scalar potential like V (φ) ∼ αφ β which has a unique minimum. We consider below a different perspective of investigation.
Let us consider the possibility of the formation of defects in the color dielectric medium. In order to implement this phenomenon the potential V (φ) should have a set of minima whose topology is non-trivial. These defects can be understood as non-linear excitations of the color dielectric medium. Since they become charged via fermion zero modes -see the details in Sect. 2 -they carry "color" charges localized along their spatial extensions. We investigate the confinement of these defects since they are charged objects embedded in a color dielectric medium.
In classical electrodynamics, as one knows, there are extended charged objects that play the role of confinement. As an example, consider the infinite plane of charges that produces the "confining potential" U (r) ∼ σr. Notice that this object interacts with charged particles -or with another parallel infinite plane -in such a way that we cannot separate them from each other since the energy of the system increases with the separation r. However, other objects with a finite size as a charged sphere of radius R produces an electrical field (for r > R) just as the electrical field of a point particle, i.e., E ∼ Q r 2 , where Q is the total charge of the sphere. Of course, in this case there is no confining behavior since the energy decreases with the separation r > R. On the other hand, as we have stressed above, when such charges are embedded in a dielectric medium with the antiscreening property, i.e., in the QCD vacuum, the confinement appears.
Consider a system with gauge fields embedded in a medium that develops both the dielectric and magnetic property given by the Lagrangian
where j µ and j mµ are the current densities of the electric and magnetic charges either associated to point-like sources or extended charged defects. Assuming that the dual gauge field with strength tensor F µν describes magnetic monopoles on the QCD vacuum, we expect that the "magnetic permeability" H(φ) gets stronger as the dielectric function G(φ) gets weaker and vice versa -recall that magnetic and electric charges, h and q, are related as h ∼ 1/q. Let us now implement the idea proposed by 't Hooft and Mandelstam [12] -see also Seiberg-Witten theory [13] -concerning confinement of quarks. It considers magnetic monopoles in the QCD vacuum generating screening currents that confine the color electric flux in a narrow tube. This is dual to the Abrikosov flux tube produced in a superconductorsee, e.g., [14] for further discussions. In order to produce confinement, both G(φ) and H(φ) should have the suitable behavior G(r R) → 0 (H(r R) → 1), for the confined phase; and G(r R) → 1 (H(r R) → 0), for the deconfined phase. R is the radius of the hadron in the deconfined phase and φ is uniform in both regimes, i.e., ∂ r φ(r) ∼ 0. In the confined phase a hadron (such as a quark-antiquark pair or a defect-antidefect pair) looks like a narrow flux tube (connecting the two sources) embedded in a monopole condensate. This phenomenon is governed by the dual effective Lagrangian On the other hand, in the deconfined phase the magnetic monopoles are dilute and the magnetic current is negligible, i.e., j mµ ∼ 0. In this regime the theory is described by the effective Lagrangian L eff = − 1 4 F µν F µν + j µ A µ , whose equations of motion are (iii) ∇.E = ρ and (iv) ∇ × B = j, where E and B are static fields and the electric current j vanishes. Equation (iii) should describe the Coulomb potential in the deconfined phase. The above equations of motion comprise part of the full set of equations of motion we obtain from the original Lagrangian for the scalar, electric and magnetic fields -fermion fields will also be included later. In the deconfined phase, since there are some magnetic monopoles, they are around the surface of the hadron. The magnetic field due to such magnetic monopoles can be found by using the "Gauss law" (i) in D spatial dimensions given as (v) that the magnetic charge density ρ m has radial symmetry. We also consider a regime r ∼ R in which the scalar field φ is dynamical. In such a regime, taking into account the discussions above, and eliminating B through the equation of motion (v) from the original Lagrangian gives 1 1 A similar procedure to construct an effective Lagrangian by substituting solutions of equation of motion into the original Lagrangian has been considered, e.g., in [34] .
